Rivers have been trained for centuries by channel narrowing and straightening. This caused important damages to their ecosystems, particularly around the bank areas. We analyze here the possibility to train rivers in a new way by subdividing their channel in main and ecological channel with a longitudinal training wall. The effectiveness of longitudinal training walls in achieving this goal and their long-term effects on the river morphology have not been thoroughly investigated yet. In particular, studies that assess the stability of the two parallel channels separated by the training wall are still lacking. This work studies the long-term morphological developments of river channels subdivided by a longitudinal training wall in the presence of steady alternate bars. This type of bars, common in alluvial rivers, alters the flow field and the sediment transport direction and might affect the stability of the bifurcating system. The work comprises both laboratory experiments and numerical simulations (Delft3D). The results show that a system of parallel channels divided by a longitudinal training wall has the tendency to become unstable. An important factor is found to be the location of the upstream termination of the longitudinal wall with respect to a neighboring steady bar. The relative widths of the two parallel channels separated by the wall and variable discharge do not substantially change the final evolution of the system.
Introduction
Many low-land rivers are used for inland navigation, as for instance the Waal (de Vriend, 2015) , the Elbe (Elbe Promotion Centre, website), the Thames (British Marine Federation and Environment Agency, 2013) , the Mississippi (Army Corps of Engineers, 2011). Important plans to improve inland navigation regard the White Nile and Nile Rivers in Sudan (NEPAD Agency, 2013) as well as the Me Kong River in Vietnam (Mekong River Commission, 2016) , among others. These rivers still present long reaches with natural banks and new interventions should be planned in a way to preserve their most important ecological aspects. For this reason, it is important to study new training techniques that allow for the co-existence of navigation with natural banks, without affecting flood water levels.
The creation of a navigation route often includes channel narrowing. This results in a deeper river channel and reduces bar formation (Duró et al., 2015) , which is good for navigation. River are narrowed by constructing series of groynes along both sides of the river, as in the Rhine (Havinga et al., 2006) and Rhone Rivers (Scerri et al., 2015) , or by bank protection works, especially in urban areas. As a result, bed degradation occurs in the narrowed reach and upstream. In the narrowed reach, the water depth increases; upstream, the water depth tends to remain the same as before the intervention, but both bed and water levels decrease, as shown by Jansen et al. (1979) . Bed degradation is amplified by river shortening, another frequent intervention aiming at navigation improvement (e.g. Spinewine and Zech, 2008) . Moreover, maintaining the navigation channel during low-flow conditions, when bars and other sediment deposits obstruct the navigation route often requires dredging, which is in some cases accompanied by dumping of dredged sediment in deep areas (Mosselman et al., 2004; Sieben, 2009; van Vuren et al., 2015) . Without dumping, sediment extraction results in important incision processes along the entire river course, strengthening the effects of the other interventions aimed at navigation route improvement, such as channel narrowing and shortening (e.g. Visser et al., 1999; de Vriend, 2015) . Bed and water level degradation affect intakes and the foundations of structures along the river, including the groynes, and lower groundwater levels, with consequences for floodplain vegetation and agriculture in the area adjacent to the river. Excessive bed degradation can even cause problems to navigation if rock outcrops appear, as along the Rhine River between Cologne and Rees (Frings et al., 2014) .
Another problem related to traditional river training is that banks protected by groynes or by revetments lose their natural value. This can be observed in many trained rivers, for which the restoration of the riverine environment has become a priority (e.g. Schoor et al., 1999) . However, at the same time, the restored river should have similar or even increased high-flow conveyance (e.g. Villada Arroyave and Crosato, 2010) to reduce the probability of floods along its course. All these issues show the need to define new, more sustainable, river management strategies (Rijke et al., 2012) .
In this paper, we study the possibility of obtaining a stable navigation channel minimizing river ecosystem degradation, without affecting flood water levels. The idea is to create two parallel channels, one for navigation and one for ecology, which may have the same width or different widths, by means of a longitudinal wall. The system of parallel channels separated by a longitudinal wall starts with an upstream bifurcation. Previous work has shown that the stability of bifurcating channels depends on the distribution of flow and sediment at the bifurcation point (Flokstra, 1985) : if one branch receives more sediment than the flow can transport, it gradually silts up; instead, if it receives less sediment than its transport capacity its bed is eroded. In the latter case, with the progression of bed erosion the branch receives increasing amounts of water, which intensifies the erosion process (Wang et al., 1995) and at the same time increases deposition in the other branch. Unbalanced sediment inputs therefore lead to the instability of the system. This work focuses on the long-term stability of the two channels separated by a longitudinal wall in rivers with steady or slowly migrating alternate bars. These bars are common features in alluvial rivers (Fig. 1) . Steady bars in the river channel close to the bifurcation point permanently alter both the water flow pattern and the sediment transport direction. Therefore, bars are expected to affect the sediment distribution between the two channels, with possible consequences for their stability Mosselman, 2012, and Redolfi et al., 2016) .
The work includes laboratory and numerical investigations. The laboratory investigation analyses the morphological evolution of a straight channel with steady alternate bars divided by a longitudinal wall. Different width ratios and locations of the starting point of the structure with respect to one bar are considered, with the aim to define the conditions for obtaining a stable system. The numerical investigation, carried out using the open-source Delft3D code, analyses the applicability of the technology to real river cases. First, the most significant flume test is upscaled and simulated to establish whether the numerical model is able to reproduce the processes observed in the laboratory, but this time considering a similar system having a real river size. Then, the code is applied to the Alpine Rhine River (Adami et al., 2016) , a natural system that is rather similar to the upscaled one and presents regular alternate bars with low migration rates. This part of the study focuses on the effects of variable discharge on the stability of the two-channel system, on bar formation inside the bifurcating channels and on flow conveyance. The work does not include any constructive issues (presence of openings, wall top level, etc.) that may influence the channel morphological changes and therefore the stability of the system.
River bars and bifurcations
River bars are large sediment deposits that become visible during low flows surrounded by deep areas (pools). Bars can be classified in three main categories: forced, free and hybrid (Duró et al., 2015) . Forced bars are local deposits that form due to persistent flow pattern imposed by the channel geometry or by external factors (forcing). A typical example of forced bars is the point bars inside river bends. Free bars are large bed undulations that form due an instability phenomenon of alluvial river beds (Hansen, 1967; Callander, 1969; Tubino et al., 1999) having a wavelength that compares with the channel width and amplitude that compares with the water depth. Their number in the river cross-section is represented by the "mode", m (Engelund, 1970) . This is the integer of the ratio between the transverse half-wavelength of the bars that form in the channel and the channel width: m = 1 corresponds to a series of bars that alternately form near one side and then the other (alternate bars), typical of meandering rivers; m = 2 to central bars; and m > 2 to multiple bars. Modes larger than two correspond to a multiple-thread channel with more than one bar in the cross-section, typical of braided rivers (Fredsøe, 1978; Parker, 1976; Crosato and Mosselman, 2009) . Free bars normally migrate either in upstream or downstream direction (Zolezzi and Seminara, 2001) . The mode and the other bar characteristics, such as wave length, amplitude, migration celerity and growth rate depend on flow width-to-depth ratio, Shield number and other morphodynamic parameters (e.g. Tubino and Seminara, 1990) . In particular, bars form only if the widthto-depth ratio exceeds a critical value and this critical value is larger for larger bar modes (Engelund, 1970) . Hybrid bars are non-migrating bars similar to free bars. Their existence is due to the interaction of forcing and morphodynamic instability. Persistent geometric discontinuities of the channel (asymmetric narrowing, widening, and structures), which are rather common in rivers, act as forcing: they fix the location of the bars and impose to them zero celerity and a corresponding wavelength. The wavelength of hybrid alternate bars is generally 2-3 times longer than the wavelength of alternate free bars.
The effects of free migrating bars on bifurcations were studied by Bertoldi et al. (2009) . Migrating bars arrive at the bifurcation alternatively on one side and then the other. They feed the downstream branches alternatively with a larger and then smaller amount of water and sediment. As a result, the bifurcation oscillates around an equilibrium or disappears due to closure of one of the branches.
Steady bars permanently affect the sediment transport distribution between the two branches of a bifurcation (Redolfi et al., 2016) . This is due to the combination of flow deformation and gravity. Due to the presence of bars, the flow follows a weakly meandering pattern and concentrates in the pools. For this, the branch closest to the pool receives most discharge and most sediment. Gravity alters the direction of bed material moving on bar slopes deviating sediment towards the pool (Talmon et al., 1995) . Finally, bars impose a certain curvature to the stream lines, producing a (weak) spiral flow that deflects the sediment moving near the bed, this time towards the bar tops (Struiksma et al., 1985) . The effects of bars on bifurcation stability depends on the interaction between these phenomena. T.B. Le et al. Advances in Water Resources 113 (2018) [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] Considering that water depth, channel width and other variables depend on flow characteristics, it can be expected that bars change shape and migration celerity due to discharge variations. This was investigated by Tubino (1991) on free bars, but works studying the effects of varying discharge on the characteristics of hybrid and forced bars are lacking. It is likely that also this type of bars changes geometry as a result of flow alterations, although to a lesser extent than free bars, because the effects of discharge are mitigated by the presence of the forcing. However, also the effect of geometrical discontinuities depends on discharge. This means that we can expect point bar and hybrid bar elongation or shortening due to the increase or decrease of flow discharge. This might mean that bars may affect the distribution of sediment and water between bifurcating channels in a different way depending on discharge and thus the hydrograph.
The morphological evolution of each branch of a bifurcation includes gradual changes of mode and other bar characteristics, as a direct consequence of bed elevation and water depth changes. We can generally expect bed degradation to contribute to gradual bar suppression (decreasing width-to-depth ratio) and bed aggradation to the opposite.
Methodology
The method adopted in this study includes both experimental and numerical investigations. The experiments were carried out at the Laboratory of Fluid Mechanics of Delft University of Technology in a 14.4 m long and 0.4 m wide straight flume with a sandy bed presenting steady or slowly migrating alternate bars. The longitudinal training wall was reproduced by a thin longitudinal plate which subdivided the original channel in two parallel channels, the bifurcation point being the location of the upstream termination of this plate. Considering that the water and sediment distribution between the parallel channels may depend on the location of the bifurcation with respect to a neighboring steady bar, for every experiment two different locations were tested: one at the upstream part of a bar and the other one at the downstream part, in the pool area. Different subdivisions were studied to assess the role of relative channel width on the developments (timing and system stability): B e : B n = 1:5, 1:3 and 1:1, being B e and B n the widths of the two branches of the bifurcation, here named the "ecological" and the "navigation" channel, respectively. The last one corresponds to a subdivision in two parallel channels having the same width. Additionally, extra tests were carried out using different sands to compare to the response of systems with different degrees of sediment suspension, also considering that the effects of transverse bed slope on sediment transport are relatively less important for small sediment sizes than for larger sediment sizes (Chavarrías et al., 2013) .
The formula by Crosato and Mosselman (2009) was used for the preliminary selection of the morphodynamic characteristics of the laboratory stream. The formula allows deriving the mode m of hybrid bars that form in the channel. The formation of hybrid alternate bars is expected if the chosen combination of parameters results in m = 1: where m is the bar mode, g is the gravity acceleration, b is the degree of non-linearity of the sediment transport formula as a function of flow velocity, B is the channel width, i is the longitudinal bed slope, Δ is the relative submerged sediment density, D 50 is the median sediment size, C is the Chézy coefficient and Q is the discharge.
To allow observing the alternate bars in the 14 m long flume, the bar wavelength should not be too long. Ideally, 2-3 bars should be present in the channel. To check this, the theoretical hybrid bar wavelength was computed using the following equation (Struiksma et al., 1985) :
where L p is the hybrid bar wavelength, λ w is the 2D flow adaptation length, λ s is the 2D water depth adaptation length.
in which h 0 is the normal depth, C f is the friction factor defined by = C f g C 2 , f(θ 0 ) accounts for the effect of gravity on the direction of sediment transport over transverse bed slopes. It is calculated as Talmon et al. (1995 
where E is a calibration coefficient and θ 0 is the Shields parameter. The ratio α = λ S /λ W is called "interaction parameter" and is a characteristic of the 2D response of an alluvial channel (Struiksma et al., 1985) .
Eq. (2) was derived from a linear model and for this the value of L p provides only a rough estimate of the wavelength of the bars in the final stages of their development. Nevertheless, the formula has been observed to function rather well on experimental settings (Struiksma and Crosato, 1989) . Eq. (2) was applied in this study to check the experimental settings with the aim to obtain 2 to 3 bars in the flume.
Bars are expected to alter the subdivision of sediment between the parallel channels in a different way, depending on sediment transport mechanism and on transverse bed slope alteration of sediment transport direction. Considering that both mechanisms depend on sediment size, the laboratory investigation includes four extra tests with two different sands (sensitivity analysis).
The numerical simulations consisted of two investigations: the first one was meant to assess the capability of the numerical model to reproduce the morphological processes observed in the laboratory; the other one was an application of the model to a real river case. The first model application simulated the morphological evolution observed in the base-case laboratory scenario and consisted of two runs. This was done on an upscaled numerical version of the experiments having the same longitudinal bed slope, Shields parameter, width-to-depth ratio, bar mode and 2D interaction parameter (Kleinhans et al., 2010) . The two runs differ on the location of the bifurcation point with respect to a steady bar. The second model application was meant to simulate the hypothetical implementation of a longitudinal training wall on a real river presenting some similarity with the upscaled case. This river is the Alpine Rhine River (Adami et al., 2016) . The analysis focused on the effects of variable discharge, analysing the development of bars in the two bifurcating channels. Special attention was paid on high-flow conveyance of the bifurcating system with respect to the original channel. In both models, the longitudinal training wall was schematized as a thin longitudinal dam, assumed infinitely high, thus always separating the flow, even with the highest discharges. Table 1 lists the morphodynamic characteristics of the systems reproduced in the laboratory and with the numerical model.
Laboratory investigation

Experimental set up
Following the method of Struiksma and Crosato (1989) , who imposed an upstream asymmetric flow restriction, the formation of hybrid bars was obtained by placing a curved plate 2.5 m downstream of the inlet, obstructing 2/3 of the channel width (Fig. 2) . The training wall consisted of a longitudinal steel plate, placed at a certain distance from T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 the glass side wall, separating two parallel channels. The length of the steel plate was equal to the theoretical longitudinal wave-length of the bars (Table 1) . Two starting locations of the training wall with respect to the first steady bar were considered: one at the upstream part of the bar and the other one at the next pool. The two locations were selected after having obtained an equilibrium bed configuration presenting clear fully-formed hybrid alternate bars. Fig. 2 shows the configuration corresponding to B e :B n = 1:3 when the ecological channel is 10 cm wide and the navigation channel 30 cm. Both water and sediment were recirculated. The sediment characteristics are summarized in Table 2 . The use of sands with different grain sizes allowed studying cases differing in sediment transport mechanism (degree of suspension) and transverse bed slope alteration of sediment transport direction. The latter was expected to be smaller for sediment having smaller size (S1) and larger for larger sediment sizes (S2). The experimental tests S1 and S2 (sensitivity analysis) were carried out using the same width ratio as the base-case scenario (Table 3) , B e :B n = 1:3. For these tests, the upstream asymmetric flow restriction leading to the formation of hybrid alternate bars was obtained by placing a small transverse steel plate instead of a curved plate. The total number of performed laboratory tests is 13, see Table 3 .
Data collection and data processing
Bed level and water level were recorded by 5 laser devices three times a day. Since lasers can penetrate water, the measurements were carried out during the experiment without drying up the channel. One laser device measured the water level and the other ones measured the bed level at four locations in transverse direction.
Due to the presence of relatively large dunes and ripples, the rough bed level data were filtered to clean out the bar signal. The filter used is T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 based on the Matlab software ProcessV3 and optimized for bed forms having wavelengths larger than 1 m. The filtering procedure reduced the bar amplitude but allowed recognizing the bar geometry (pool, bar top, upstream and downstream parts of a bar). Bed level data were used to derive the temporal evolution of the averaged difference in bed level between the two parallel channels:
in which Z e and Z n are the bed level in the ecological and the navigation channels, respectively, averaged over the entire length of the training wall.
The velocity field was measured using a Particle Tracking Velocimetry (PTV).
Results of the base-case scenario
All the tests of the base-case scenario started with the same bed topography (reference bed topography), presenting clear alternate bars, which was obtained after 10 days of morphological developments (Figs. 3 and 4(a) ). The flow characteristics after 10 days are summarized in Table 1 and the characteristics of the sediment used are given in Table 2 (base-case scenario). The first two bars were steady with a wave length of about 3.2 m, while the remaining bars were shorter and migrating. The two bifurcation points were located 0.8 m and 1.8 m from the upstream boundary, respectively. In the first case the longitudinal steel plate started in the upstream part of the first steady bar. In the second case the longitudinal plate started in the pool. In both cases the "ecological channel" had a width of 10 cm and the "navigation channel" of 30 cm (Fig. 2) .
The final configuration of the channel system at the end of the investigations is shown in Fig. 4 . The temporal evolution of (averaged) bed topography (Fig. 5) shows progressive aggradation of the ecological channel and progressive degradation of the navigation channel if the longitudinal plate started in the upstream part of the bar (red line). After 10 days, the difference in averaged bed elevation between the two channels was ΔZ = 1.44 cm, and this difference arose mainly due to sediment deposition in the ecological channel. The flow velocity in the ecological channel became gradually smaller than in the navigation channel. Fig. 6(a) shows the transverse velocity field after 10 days, at the end of this experimental test.
The ecological channel became increasingly deeper and the navigation channel shallower if the longitudinal plate started in the pool (Fig. 5, blue line) . After 10 days, the difference in averaged bed elevation between the two channels was ΔZ = −2.6 cm, which was mainly due to ecological channel bed erosion. The flow velocity in the ecological channel became progressively higher than in the navigation channel. Fig. 6(b) shows the transverse velocity field after 10 days, at the end of this experimental test.
Results of relative width variation
Changing the width of the parallel channels did not change the trends observed in the base-case scenario. If the longitudinal plate started in the upstream part of the bar the ecological channel silted up and the navigation channel became deeper. The opposite occurred if the longitudinal plate started in the pool. This means that the starting point of the longitudinal plate with respect to a steady bar influences the morphological process of the system more than the width distribution between the two channels. The latter was found to mainly influence the intensity and the speed of the process: the smaller the width ratio was, the faster the morphological evolution was. Fig. 7 shows the temporal evolution of the difference in bed elevation between the two channels for all cases. After 10 days, if the longitudinal plate started in the upstream part of the bar, the difference in bed elevation, ΔZ, was 2 cm for B e :B n = 1:5 (case W1); 1.46 cm for B e :B n = 1:3 (base case B) and 0.93 cm for B e :B n = 1:1 (case W2). On the contrary, when the longitudinal plate started in the pool, the results were −3.13 cm, −2.6 cm and −2.02 cm, respectively. These results suggest that the largest width ratio (channels having the same width), leading to the smallest difference in bed elevation between the two channels, may offer the best configuration in term of long-term morphology.
Sensitivity analysis
The sensitivity analysis was meant to qualitatively study the effects of varying sediment on the morphological trends of the system. This was done based on the initial trends, without reaching morphodynamic equilibrium. For this, the duration of the sensitivity-analysis tests was shorter: 3 days for each run. The longitudinal plate was placed 10 cm from the right side of the flume (B e :B n = 1:3). Each run started with a flat bed. The forcing offered by a small transverse plate assured that the hybrid bars always formed at the same location (Duró et al, 2015) . The characteristics of the physical parameters are listed in Table 1 . The 
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characteristics of the sediment are listed in Table 2 : S1 corresponds to the finer sand and S2 to the coarser one.
Results with finer sediment: test S1
In the reference scenario without longitudinal plate, hybrid alternate bars with a wavelength of 2.5 m and amplitude of 1 cm became well recognizable after 3 days (Fig. 8) . In the subsequent tests, the longitudinal plate started either in the upstream part of the second bar or in the pool between the second and the third bar, 3.8 m and 5.0 m from the upstream boundary, respectively. Fig. 9 shows the evolution of the difference in averaged bed elevation between the two channels (case S1 is represented by continuous lines).
When the longitudinal plate started in the pool, the ecological channel became progressively deeper than the main channel and the flow velocity in the ecological channel gradually became larger than in the navigation channel, confirming the results of the base case.
The ecological channel became slightly deeper and slightly conveyed more discharge also in the other test with the longitudinal plate starting in the upstream part of the bar. However, the results in this case might not be correct due to some discharge oscillations which were recognized only afterwards, when the experiment was finished already. In any case this result requires further checks.
Results with coarser sediment: test S2
In the reference scenario without a longitudinal wall, hybrid alternate bars with a wave length of 8 m were fully formed after 3 days. The long wavelength made the experiment particularly difficult, because the bars had also a rather small amplitude and this made it impossible to select a clear pool location. For the case of the plate starting in the upstream part of a bar, the starting point was placed at a distance of 4.4 m from the upstream boundary. Another starting location was investigated, this time close to the first bar top, at a distance of 6.7 m from the upstream boundary (Fig. 10) .
The results are shown in Fig. 9 (dotted lines). When the training wall started in the upstream part of a bar, the ecological channel bed became gradually higher than the navigation channel bed. At the end of Day 3, the difference was 0.4 cm, mainly due to sediment deposition in the ecological channel. At the same time the flow velocity in the ecological channel became smaller than in the navigation channel. Although the duration of this test was only 72 h (3 days), this result shows a clear trend of deposition in the ecological channel, confirming the results of the base case. . Temporal evolution of the difference in bed elevation between the two parallel channels in the base-case scenario. "Upstream" refers to the case in which the longitudinal plate started in the upstream part of the first steady bar (red line). "Pool" refers to the case in which the plate started in the pool (blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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For the training wall starting near the bar top, the ecological channel slightly aggraded, whereas the flow velocity in the two channels remained almost the same. This could be a sign of ongoing aggradation or of a balance and should be further investigated.
Numerical investigation
Model description
This study constructed two-dimensional (2D) depth-averaged morphodynamic models using the Delft3D software. One model represented an upscaled version of the experimental flume and the other one a real river case. Delft3D has a finite difference scheme to solve the threedimensional Reynolds equations for incompressible fluid under shallow water approximation and includes a morphodynamic module to account for sediment transport and bed level changes (Lesser et al., 2004) . The two models were based on the depth-averaged version of the basic equations, which was demonstrated to be sufficient to reproduce bars with sufficient accuracy (e.g. Defina, 2003; Schuurman et al., 2013; Duró et al., 2015; Singh et al., 2017) . The influence of the spiral flow in curved reaches was accounted for according to the formulation of Struiksma et al., (1985) . The roughness was represented by a constant T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 Chézy coefficient (values in Table 1 ) and the bed-load transport rate was computed by means of the Meyer-Peter and Müller (1984) (MPM) formula, valid for sand and gravel-bed rivers. The effects of transverse bed slope on sediment transport direction were taken into account according to Bagnold's (1966) formulation (default in Delft3D). Not considering these effects would result in an un-realistic unstable model (Mosselman and Le, 2016) .
The hydrodynamic boundary conditions of the models consisted of downstream water level and upstream discharge. In the upscaled model, these boundary conditions were constant values, whereas in the Alpine Rhine model they were variable, according to the discharge variations. The boundary conditions for the sediment component were defined by upstream balanced sediment transport, which prevented the bed level from changing at the boundary, and downstream free sediment transport condition, which may result in bed level changes. The lateral banks were fixed and treated as free-slip fixed boundaries.
The time step of the flow was 0.1 min to ensure numerical stability as evaluated by the Courant criterion for fluid advection. To fully reproduce the interaction between flow and sediment, the computations were carried out without any morphological acceleration. The longitudinal training wall was schematized as a thin, infinitely high and deep, dam. This ensured that the structure always divides the two channels. The length of the wall was equal to the bar wave length and obtained after completion of a reference run. A transverse groyne obstructing 2/3 of the width was placed at the right side wall at a certain distance from the upstream boundary to trigger hybrid bars. Table 4 shows the exact distance and the numerical parameters in both models.
Upscaled-experiment model setup
This numerical simulation aimed at establishing whether a 2D morphodynamic model constructed using the Delft3D software provides reliable results when studying the effects of subdividing a straight river channel with alternate bars with a longitudinal training wall.
The hydraulic and morphology parameters in the upscaled version of the laboratory tests are presented in Table 1 . The numerical parameters are summarized in Table 4 .
The reference case, without longitudinal wall, started with a flat bed. A transverse groyne, located 375 m from the upstream inlet on the right side was used to assure the formation of the hybrid bars as in Duró et al. (2015) , reproducing the effects of the curved plate placed in the flume. The results obtained after 10 days of morphological development are shown in Fig. 11 . In this figure, the results are plotted from the transverse groyne to the end of the reach. The shape of the alternate bars qualitatively resembles the one obtained in the laboratory for the reference case (Fig. 3) , with a long steady bar opposite to the groyne and smaller migrating bars more downstream. This means that the similarity based on longitudinal slope, Shield parameter, width-to-depth ratio, bar mode, interaction parameter (Table 1) , does not result in quantitative geometric similarity, but only in qualitative geometric similarity.
In the same way as in the experiment, two locations for the starting point of the longitudinal wall were considered: one in the upstream part of the first steady bar and one in the pool opposite to it (Fig. 11) . For each location, three different width ratios were considered: B e :B n = 1:5, 1:3 and 1:1. All upscaled-experiment scenarios (Table 5 ) started from the bed topography shown in Fig. 11 . The computations simulated a period of 10 days.
Upscaled-experiment model results
In the base-case scenario (B runs), when the longitudinal training wall starts from the upstream part of a bar, the result shows that the T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 smaller ecological channel silts up ( Fig. 12(a) ). The opposite occurs, when the training wall starts at a pool location (Fig. 12(b) ). The trends are the same also for different width ratios. If the training wall starts in the upstream part of the bar the ecological channel silts up. Instead, if the training wall starts in the pool between two bars the ecological channel deepens whereas the navigation channels aggrades. As in the experiments, also in the numerical simulations the width ratio influences the speed of the process (see Fig. 13 ) in the same way as in the experimental test (Fig. 7) .
All the obtained numerical results are similar to the ones obtained in the laboratory, supporting the use of the numerical model to study a real river case with variable discharge.
Alpine Rhine model setup
This numerical investigation aimed at studying the effects of variable discharge in a real river case that is rather similar to the upscaled version of the system studied in the laboratory. The analysis focused on conveyance capacity and bar formation. The selected case study is the Upper Reach of the Alpine Rhine River described by Adami et al. (2016) . The characteristics of the system are listed in Table 1 . The numerical parameters are summarized in Table 4 .
The hydrograph used in this model considered the three discharge levels indicated by Adami et al.: fully wet discharge Q FW = 381 m 3 /s, fully transporting discharge Q FT = 829 m 3 /s, and critical discharge for bar formation Q cr = 1845 m 3 /s. The duration of these discharges was derived from Fig. 2 in Adami et al. (2016) to roughly describe a typical year (Fig. 14) .
The model schematized the river reach as straight, although the channel presents a slight curvature (Fig. 1 ). Since the model was not meant to reproduce each bar observed in the study reach, but to simulate the effects of subdividing the river channel with a longitudinal wall, a transverse groyne, located 500 m from the upstream boundary was placed at the right side to obtain hybrid bars, in the same way as in the upscaled-experiment model. For this the model was not calibrated, but validated in terms of bar mode and bar wave-length.
The reference case, without longitudinal wall, started with a flat bed. The bed topography obtained after 3 years is shown in Fig. 15 . In this figure, the bed elevation is plotted from the transverse groyne to the end of the reach. The computed steady alternate bar configuration corresponds rather well to the observed one, considering that also the celerity of the observed bars in the real river reach is zero or close to zero. Moreover, the computed wave length of the alternate bars is 1500 m, which nicely falls within the observed range (Adami et al., 2016) (Fig. 1) .
Two locations for the starting point of the longitudinal wall were considered: one in the upstream part of the first steady bar and one in the pool opposite to it. Only one width ratio was considered: B e :B n = 1:3. All the Alpine Rhine scenarios (Table 6 ) started from the bed topography shown in Fig. 15 . Each computation simulated a period of 3 years.
Alpine Rhine model results
In general, based on the results obtained after 3 years, the morphological trends computed for the Alpine Rhine with variable discharge agree with the results of the laboratory tests and upscaled model. When the longitudinal training wall starts in the upstream part of a steady bar the smaller ecological channel silts up (Fig. 16) . The opposite occurs when the training wall starts in a pool location (Fig. 17) . Fig. 16 shows that when the training wall starts in the upstream part of a bar, under high discharge, the ecological channel silts up but both channels remain open ( Fig. 16(a) ) whereas with low flow the ecological channel is completely closed and the navigation channel conveys the entire discharge (Fig. 16(b) and (c) ). When all water flows in the navigation channel smaller and shorter bars are found compared to the reference case. Downstream of the training wall, the bars remain of the same type as in the reference case. In this scenario, the training wall helps to reduce the hinder of the bars in the navigation channel.
When the longitudinal training wall starts in the pool between two bars, with high discharge the ecological channel conveys almost all water but both channels remain open (Fig. 17(a) ). With the smallest discharge the navigation channel closes and all water flows in the ecological channel (Fig. 17(b) and (c) ). In this scenario the navigation channel is not functional at all at low water. Fig. 18 shows the longitudinal profiles of water and bed levels in both the ecological and the navigation channel during the highest T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 discharge. These results show that the longitudinal training wall does not hamper the flood conveyance during high flows.
If the training wall starts in the upstream part of a bar, there is a 1.2 m drop of water level in the ecological channel ( Fig. 18(a) ) whereas in the navigation channel the water level is almost the same as in the reference case (Fig. 18(b) ). At the downstream end of the training wall there is a slight increasing in water level compared to the reference case (10 cm). This could be the influence of the confluence where the parallel channels merge again.
If the training wall starts in the pool between two bars, the water level in the ecological channel drops by maximum 50 cm (Fig. 18(c) ) and in the navigation channel by a maximum of 65 cm (Fig. 18(d) ). However, near the downstream end of the training wall the water level rises up to 28 cm. In this scenario, the rise of water level due to the confluence appears more important.
The effects of using a constant Chézy coefficient might have resulted in overestimating the conveyance of the aggrading channel for which the roughness is most likely underestimated. At the same time, the conveyance of the deepening channel might be slightly underestimated.
Discussion
The experiments were carried out on straight channels, whereas real rivers present numerous curves. The point bars at the inner side of bends may act as steady alternate bars in affecting the distribution of water and sediment between the two parallel channels, but river bends also result in spiral flow formation and this might alter the direction of sediment transport. For this, the presence of river bends might affect the results of this study. We therefore recommend studying the effects of a longitudinal training wall in a meandering channel.
The numerical results were obtained assuming constant hydraulic resistance, represented by Chézy coefficient. However, channel deepening might result in smaller hydraulic resistance (larger Chézy coefficient) whereas the channel becoming shallower might result in higher hydraulic resistance (smaller Chézy coefficient). Small-scale (sub-grid) bedform formation would influence the Chézy coefficient as well. These effects are not taken into account in the computations. Moreover, due to the alternation of high and low discharges, vegetation might colonize the shallow channel during low flow and drastically increase its bed roughness during high flow. This can reduce the flood conveyance of the parallel channel system.
The work considered gravel-bed rivers, since the laboratory experiments, even though sand was used, represented a river with gravel bed (the characteristics of the laboratory experiments and of the upscaled river are shown in Table 1 ). The subsequent real-river case was again a gravel-bed river with alternate bars. This means that the results are strictly valid only for gravel-bed rivers and their applicability on sand-bed systems requires further investigation.
The strategy we propose to train rivers by creating a navigation and ecological channel with a longitudinal wall presents advantages and disadvantages. We have shown that the bifurcation created with a longitudinal wall results in an unstable system in which one of the two channels inevitably becomes shallower, ideally the ecological channel. This channel closes completely only if the discharge is constant; with variable discharge, it becomes dry at low flows only. This would be an advantage for navigation, because the flow then concentrates in the other channel, increasing the low-flow water depth. The temporary, seasonal, closure of the ecological channel, however, might be a disadvantage for the riverine ecology and this should be further investigated by experts in this field.
In rivers with hybrid alternate bars (rather common in real cases), the results show also that if the training wall starts in the upstream part of a steady bar the smaller ecological channel experiences sediment T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 deposition and the navigation channel becomes deeper. In this case, the flood conveyance of the river is not reduced, which means that the construction of the longitudinal wall does not increase flood risk in the area adjacent to the river. The opposite happens if the training wall starts in the pool between two bars: the navigation channel silts up and the flood conveyance of the river reduces. These results show the importance of well designing the starting point of the longitudinal wall. The time scales involved in the processes plays an important role too. If the morphological development is slow, it could be possible to maintain both channels open by, for instance, dredging and dumping the deposited sediment from one channel to the other. This means that the applicability of the proposed technique requires more research.
Conclusions
We studied the possibility of subdividing a river channel in one relatively narrow "ecological channel" and one "navigation channel" by means of a longitudinal training wall in the laboratory and by means of T.B. Le et al. Advances in Water Resources 113 (2018) 73-85 numerical simulations. We considered channels characterized by the presence of steady alternate bars, which are common morphological features hindering river navigation.
The laboratory experiments show that subdividing a channel presenting steady or slowly migrating alternate bars with a longitudinal training wall might lead to an unstable system, in which one of the two parallel channels tends to silt up. The results show that the starting point of the longitudinal wall with respect to a bar plays an important role for the morphological evolution of the two channels. When the training wall starts at a location in the upstream part of a bar, the narrower ecological channel silts up. Instead, when the training wall starts in the pool area between two subsequent bars, the same channel deepens and the navigation channel silts up. Changing the widths of the channels did not change the trends observed in the base-case scenario. The most stable system is obtained if the longitudinal wall subdivides the river in two equally-wide parallel channels. Changing sediment did not alter the observed trends too, with the exception of test S1 (finer sediment) for which some problems encountered during the experiment did not allow to draw any conclusions for the case starting in the upstream part of a bar. One experimental test (S2: coarser sediment) indicates that a stable system might be obtained if the training wall starts near a bar top, but this might not be true with a variable discharge regime and should be further investigated.
These observations were reproduced numerically in an upscaled version of the laboratory experiments, supporting the use of a 2D model based on the numerical code Delft3D to investigate this type of systems on a real river case.
The subsequent use of the code to study the effects of placing a longitudinal training wall in the Upper Reach of the Alpine Rhine River described by Adami et al. (2016) confirms the observed trends and shows that a variable discharge regime does not change the observed trends.
The conveyance of the channel was studied by comparing the water levels in presence of longitudinal wall with those in a reference scenario without wall. The results show that the longitudinal training wall affects high-flow water levels only slightly if it starts in the upstream part of a bar. In this case, a small increase of water level is observed near the downstream end of the longitudinal wall. However, if the training wall starts in the pool between two bars the raise of high-flow level near the end of the longitudinal wall is not negligible, even if limited. Fig. 18 . Longitudinal profiles along the centre line of the ecological and navigation channels during high flow (Q cr = 1845 m 3 /s). In (a) and (b) the longitudinal wall started in the upstream part of a steady bar (upstream), whereas in (c) and (d) the longitudinal wall started in the pool between two bars (pool). "Reference" refers to the case without longitudinal wall.
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